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Description 



SERIES/PARALLEL TURBOCHARCERS AND 
SWITCH ABLE HIGH /LOW PRESSURE EGR 
FOR INTERNAL COMBUSTION ENGINES 

Background of Invention 

[0001] i. Field of the Invention. The present invention relates to 
systems and methods for turbocharging and providing 
exhaust gas recirculation for internal combustion engines. 

[0002] 2. Background Art. Sizing a turbocharger for a particular 
engine application traditionally requires compromises to 
achieve a fast transient response from idle with a desired 
boost when launching a vehicle, especially when using ex- 
haust gas recirculation (EGR), while providing sufficient air 
handling capacity at high engine speeds. Generally, a fast 
transient response requires a smaller turbo with lower in- 
ertia. However, a smaller turbo has limited air handling 
capacity for higher engine speeds. A turbo with sufficient 
airflow capacity for higher engine speeds generally has 
larger mass and inertia leading to noticeable turbo delay 



or lag and a less desirable transient response. 

[0003] EGR handling and control strategies typically require simi- 
lar compromises. At light load and low engine speed, it is 
desirable to increase compressor airflow so the compres- 
sor operates away from the surge limit to provide more 
boost. As such, it is desirable to use low pressure EGR 
supplied to the inlet of the compressor, preferably from 
downstream of the turbine to maximize turbine speed and 
compressor airflow. However, at higher engine speeds 
with higher boost and higher intake manifold pressures, it 
is desirable to use high pressure EGR supplied from up- 
stream of the turbine to the outlet of the compressor to 
avoid choking in the compressor. 

[0004] various types of emission control devices used with tur- 
bocharged engines require a relatively high temperature 
to operate efficiently. However, the higher airflows and 
thermal inertia associated with single or twin turbocharg- 
ers may often require additional warm-up time before the 
emission control devices reach desired operating temper- 
atures. 

[0005] a number of solutions have been proposed to address one 
or more of these problems. For example, single variable 
geometry turbochargers (VGT) or variable nozzle tur- 



bochargers (VNT) have been developed having an ad- 
justable turbine nozzle orifice size or adjustable vane an- 
gle to make the turbine more efficient and provide higher 
boost at lower mass flows. However, to accommodate the 
higher mass flow capacity at higher engine speeds re- 
quires a larger rotor with corresponding inertia resulting 
in a slower transient response. To improve transient re- 
sponse, twin (primary/secondary) VGT's may be used in a 
sequential parallel operating mode as described in U.S. 
Pat. No. 6,055,812, for example. The smaller primary VGT 
has lower inertia and responds faster at vehicle launch 
with the larger secondary VGT joining the primary at 
higher engine speeds and airflows. However, this configu- 
ration includes some turbo lag or transient delay for 
speed-up or spooling of the secondary VGT, which is 
idled or not used at low engine speeds. 
[0006] Another approach uses a two-stage turbocharger oper- 
ated in parallel, such as described in U.S. Pat. Nos. 
5,063,744 and 5,142,866, for example. In this configura- 
tion, exhaust air is fed into a small primary turbine and 
then a larger secondary turbine while the ambient air is 
compressed in a large secondary compressor followed by 
a second stage smaller compressor. Similar to the parallel 



twin configuration, the small primary turbocharger has a 

lower inertia for operation at lower mass flows while the 

secondary turbocharger has sufficient capacity for higher 

engine speeds and airflows. A bypass valve is used to 

shutdown the primary compressor and to connect the 

output of the secondary compressor to the intake when 

the air flow reaches a predetermined threshold. To handle 

airflow at higher engine speeds in this configuration, the 

required sizing and associated inertia of the secondary 

turbocharger compromises transient performance of the 

primary turbocharger leading to undesirable turbo lag or 

delay. 
Summary of Invention 

[0007] The present invention provides systems and methods for 
turbocharging an internal combustion engine that include 
operating two turbochargers in a series configuration for 
a first operating region and a parallel configuration for a 
second operating region. The present invention also in- 
cludes systems and methods for controlling exhaust gas 
recirculation (EGR) in a turbocharged internal combustion 
engine to provide low pressure EGR upstream of a com- 
pressor inlet for a first operating region and high pressure 
EGR downstream of a compressor outlet for a second op- 



erating range. 

[0008] Embodiments of the present invention include a system 
and method for controlling a turbocharged internal com- 
bustion engine having at least two turbines and associ- 
ated compressors arranged to allow operation of at least 
the compressors in either a sequential configuration or a 
parallel configuration depending on current engine or am- 
bient operating conditions. In one embodiment, twin vari- 
able geometry turbochargers are used with both the tur- 
bines and compressors switched between series and par- 
allel configurations based on operating conditions. An- 
other embodiment includes turbines arranged in a fixed 
parallel configuration with associated compressors having 
a switchable series/parallel configuration based on cur- 
rent operating conditions. 

[0009] The present invention also includes embodiments having 
a switchable or selectable exhaust gas recirculation (EGR) 
based on current engine or ambient operating conditions 
to selectively provide low pressure EGR provided upstream 
of a compressor or high pressure EGR provided down- 
stream of the compressor. In one embodiment, the EGR 
source is also switched from downstream relative to a first 
turbine to upstream of both turbines. 



[0010] The present invention provides a number of advantages. 
For example, the selectable turbocharger configuration 
according to the present invention provides a two stage 
series configuration to generate more boost for improved 
vehicle launch compared to a sequential parallel configu- 
ration that only uses one stage at low engine speeds, 
while providing a parallel configuration to provide suffi- 
cient air handling capacity at higher engine speeds using 
smaller turbochargers with lower inertia to improve tur- 
bocharger efficiency and transient response across the 
entire operating range. The sequential operation of twin 
turbochargers in a series configuration followed by a par- 
allel configuration according to the present invention pro- 
vides improved performance in terms of airflow, turbo 
wheel speed, and air pressure build up during transients 
relative to previous approaches. 

[0011] The switchable or floating exhaust gas recirculation ac- 
cording to the present invention may selectively source 
EGR downstream of the first turbine to provide more ex- 
haust gas to power the first turbine with termination up- 
stream of the compressor to improve surge margin at 
lower speeds while sourcing EGR upstream of the first 
turbine with termination downstream of the compressor at 



higher speeds to avoid choking at full load. 

[0012] Operation of the twin turbochargers in a series configura- 
tion according to the present invention may reduce the 
time required for emission control or exhaust after treat- 
ment devices to reach desired operating temperatures by 
directing all exhaust through one or more designated de- 
vices. Optional exhaust switching according to the present 
invention may be used to control exhaust flow and tem- 
peratures of primary and secondary after treatment de- 
vices to conduct sequential after treatment regeneration 
and extend the life of the after treatment system. 

[0013] The above advantages and other advantages, objects, and 
features of the present invention will be readily apparent 
from the following detailed description of the preferred 
embodiments when taken in connection with the accom- 
panying drawings. 
Brief Description of Drawings 

[0014] Figure 1 is a block diagram illustrating a system or 

method for turbocharging an internal combustion engine 
according to one embodiment of the present invention; 

[0015] Figure 2 is a block diagram illustrating intake and exhaust 
flow for twin turbochargers operating in a series configu- 
ration in a system or method for controlling a tur- 



bocharged internal combustion engine according to vari- 
ous embodiments of the present invention; 

[0016] Figure 3 is a block diagram illustrating intake and exhaust 
flow for twin turbochargers operating in a parallel config- 
uration in a system or method for controlling a tur- 
bocharged internal combustion engine according to vari- 
ous embodiments of the present invention; 

[0017] Figure 4 is a block diagram illustrating operation of a sys- 
tem or method for turbocharging an internal combustion 
engine having twin turbochargers with compressors 
switchable between series and parallel configurations and 
turbines arranged in a fixed parallel configuration accord- 
ing to the present invention; 

[0018] Figure 5 is a compressor map illustrating representative 
operating lines for high and low pressure compressors in 
a system or method for turbocharging an internal com- 
bustion engine according to the present invention; 

[0019] Figures 6 and 7 are graphs illustrating performance im- 
provements of a turbocharged compression ignition inter- 
nal combustion engine according to one embodiment of 
the present invention; and 

[0020] Figure 8 is a flow chart illustrating operation of a system 
or method for turbocharging an internal combustion en- 



gine according to the present invention. 
Detailed Description 

[0021] a block diagram illustrating a system or method for tur- 
bocharging an internal combustion engine according to 
one embodiment of the present invention is shown in Fig- 
ure 1. As illustrated in Figure 1, system 10 includes an in- 
ternal combustion engine 12 having a plurality of cylin- 
ders 14. In the example illustrated in figure 1, cylinders 
14 are arranged in two banks 16 and 18. However, the 
present invention is independent of the particular cylinder 
arrangement and may also be applied to in-line configu- 
rations, for example. Similarly, while a six-cylinder engine 
is illustrated, the present invention may be applied to in- 
ternal combustion engines having any number of cylin- 
ders. Preferably, the present invention is applied to tur- 
bocharged internal combustion engines utilizing com- 
pression ignition technology, such as diesel engines. 
However, those of ordinary skill in the art will recognize 
that the present invention is generally independent of the 
particular type of engine. 

[0022] intake manifold and plenum, generally represented by 
reference numeral 20, distribute intake air to cylinder 
banks 16 and 18. In the example illustrated in Figure 1, 



each cylinder bank 16, 18 includes a corresponding ex- 
haust manifold 22, 24, respectively, having a common 
connecting section 26. System 10 preferably includes a 
first turbocharger 28 associated with first bank of cylin- 
ders 16. Turbocharger 28 is constructed in a conventional 
manner and includes a compressor 30 mounted on a 
common shaft to a turbine 32. System 10 also includes a 
second turbocharger 40 having a compressor 42 and tur- 
bine 44 mounted on a common shaft. Preferably, tur- 
bochargers 28 and 40 are variable geometry turbocharg- 
ers (VGT) or variable nozzle turbochargers (VNT) that in- 
clude an adjustable turbine nozzle orifice size or vane an- 
gle to improve the efficiency and boost for low mass flow 
operating regions while maintaining high mass flow ca- 
pacity at higher engine speeds. Depending upon the par- 
ticular application, the present invention may be imple- 
mented using conventional turbochargers or a combina- 
tion of conventional and variable geometry turbochargers. 
However, to improve system flexibility and efficiency, at 
least turbocharger 28 (high pressure) is preferably a VNT 
or VGT as described in greater detail below. 
[0023] According to the present invention, turbochargers 28, 40 
may be sized smaller than conventional two stage tur- 



bocharger applications to lower inertia and improve tran- 
sient response because additional air handling capacity is 
provided by operating the turbochargers in a parallel con- 
figuration. Turbochargers 28, 40 are preferably substan- 
tially similarly sized to reduce system complexity and pro- 
vide appropriate pressure balancing. However, those of 
ordinary skill in the art will recognize that the present in- 
vention may be applied to twin turbocharger configura- 
tions having turbochargers of different sizes with balanc- 
ing provided by appropriate operation of one or more 
variable geometry turbochargers, for example. 

[0024] System 10 includes a plurality of flow control devices or 
valves such as intake flow control valves 50 and 54 and 
exhaust flow control valves 52 and 56 that may be selec- 
tively actuated to operate turbochargers 28, 40 in either a 
series or parallel configuration based on current operating 
conditions. Depending upon the particular application and 
implementation, one or more of the flow control devices 
may be incorporated into the housing of a corresponding 
turbocharger. Likewise, turbochargers 28, 40 may share 
various components and/or be incorporated in a common 
housing, or may be entirely independent. 

[0025] intake flow control valve 50 and exhaust flow control 



valve 52 are preferably electronically controlled pressure 
activated three-way switching valves, although vacuum 
activated valves could also be used with pneumatic or hy- 
draulic activation depending on the particular application. 
Intake flow control valve 54 and exhaust flow control 
valve 56 are preferably electronically controlled pressure 
activated two-way (on/off) valves. In the embodiment il- 
lustrated in Figure 1, the plurality of valves is actuated to 
reconfigure intake airflow through compressors 30, 42 as 
well as exhaust flow through turbines 32, 44 to operate in 
a series configuration or a parallel configuration based on 
engine and/or ambient operating conditions. In an alter- 
native embodiment illustrated and described with refer- 
ence to Figure 4, the airflow through only the compres- 
sors is reconfigured when switching the turbochargers 
from series to parallel operation. 
[0026] Exhaust gas recirculation (EGR) is provided by directing a 
portion of the exhaust gas through EGR cooler 70 with the 
rate of EGR controlled by an appropriate flow control de- 
vice, such as a proportional EGR valve 72. According to 
the present invention, control of the plurality of intake 
and exhaust flow control valves in combination with EGR 
valve 72 may be used to provide a "floating EGR" feature, 



i.e. low-pressure EGR supplied to the inlet of a compres- 
sor for a first operating range and high-pressure EGR that 
bypasses the compressors and is supplied to intake mani- 
fold 20 via aftercooler 48 for a second operating range. 
System 10 may also include one or more emission control 
or after treatment devices positioned downstream of tur- 
bochargers 28, 40. In the embodiment illustrated in Fig- 
ure 1, each bank of cylinders 16, 18 includes a corre- 
sponding after treatment device 76, 78, respectively. The 
present invention may be used to reduce the amount of 
time for an after treatment device, such as device 76, to 
reach operating temperature by directing all exhaust gas 
generated by both cylinder banks 16, 18 through a single 
one of the after treatment devices. This may be accom- 
plished by appropriate actuation of valve 52 to place tur- 
bochargers 28, 40 in a series configuration as described 
in greater detail below. Alternatively, a separate exhaust 
flow control valve may be provided to selectively redirect 
or couple the outlet of one of the turbines to the outlet of 
the other turbine so that all exhaust passes to ambient or 
atmosphere 80 through a common after treatment device 
independently of the series or parallel configuration of 
turbochargers 28, 40 to reduce warm-up time or maintain 



a desired operating temperature of after treatment device 
76 or 78 under various operating conditions, such as light 
load, for example. 
[0027] a s one 0 f ordinary skill in the art will appreciate, system 
10 includes various conventional sensors and actuators in 
addition to those illustrated in Figure 1 to control engine 
12. The sensors and actuators, including turbochargers 
28, 40 and valves 50, 52, 54, 56, and 72, preferably com- 
municate with at least one controller 90 that includes a 
microprocessor 92, also called a central processing unit 
(CPU), in communication with a memory management unit 
(MMU) 94. MMU 94 controls movement of data and/or in- 
structions among various computer readable storage me- 
dia 96 and communicates data to and from CPU 92. The 
computer readable storage media preferably include 
volatile and nonvolatile or persistent storage in read-only 
memory (ROM) 98, keep-alive memory (KAM) 100, and 
random-access memory 102, for example. KAM 100 may 
be used to store various engine and/or ambient operating 
variables while CPU 92 is powered down. Computer-read- 
able storage media 96 may be implemented using any of a 
number of known memory devices such as PROMs 
(programmable read-only memory), EPROMs (electrically 



PROM), EEPROMs (electrically erasable PROM), flash mem- 
ory, or any other electric, magnetic, optical, or combina- 
tion memory devices capable of storing data, some of 
which represent executable instructions, used by CPU 92 
in controlling engine 12 or a vehicle into which the engine 
is mounted. Computer-readable storage media 96 may 
also include floppy disks, CD-ROMs, hard disks, and the 
like depending upon the particular application. CPU 92 
communicates with the sensors and actuators via an in- 
put/output (I/O) interface 104. Interface 104 may be im- 
plemented as a single integrated interface that provides 
various raw data or signal conditioning, processing, and/ 
or conversion, short-circuit protection, and the like. Alter- 
natively, one or more dedicated hardware or firmware 
chips may be used to condition and process particular 
signals before being supplied to CPU 92. In addition to the 
illustrated actuators 106, examples of other devices that 
may be actuated under control of CPU 92, through I/O in- 
terface 104, include VGT or VNT rack position, EGR rate, 
fuel injection timing, fuel injection rate, fuel injection du- 
ration, throttle valve position and spark plug ignition tim- 
ing (where engine 12 is a spark-ignition engine), and oth- 
ers. Sensors communicating input, generally represented 



by reference numeral 108, through I/O interface 104 may 
be used to indicate piston position, engine rotational 
speed, turbo wheel speed, vehicle speed, coolant temper- 
ature, intake manifold pressure, turbo boost, accelerator 
pedal position, air temperature, exhaust temperature, ex- 
haust air to fuel ratio, exhaust component concentration, 
and demanded or actual air flow, for example. Some con- 
troller architectures do not contain an MMU 94. If no MMU 
94 is employed, CPU 92 manages data and connects di- 
rectly to ROM 98, KAM 100, and RAM 102. Of course, the 
present invention could utilize more than one CPU 92 to 
provide engine control and controller 90 may contain 
multiple ROM 98, KAM 100, and RAM 102 coupled to 
MMU 94 or CPU 92 depending upon the particular appli- 
cation. 

[0028] | n operation, controller 90 selectively actuates intake flow 
control valves 50, 54 and exhaust flow control valves 52, 
54 to operate turbochargers 28, 40 in a series configura- 
tion or a parallel configuration based on current engine 
and/or ambient operating conditions as described and il- 
lustrated in greater detail with respect to Figures 2-4. 
Preferably, the turbocharger configuration is controlled 
based on demanded airflow, which in turn may be deter- 



mined based on a demanded or desired air/fuel ratio and 
requested or demanded engine speed and torque, for ex- 
ample. 

[0029] Referring now to Figure 2, a block diagram illustrating in- 
take and exhaust flow for twin turbochargers operating in 
a series configuration in a system or method for control- 
ling a turbocharged internal combustion engine according 
to various embodiments of the present invention is 
shown. Controller 90 (Fig. 1) actuates intake flow control 
valves 50, 54 to couple the outlet of secondary or low- 
pressure compressor 42 to the inlet of primary or high- 
pressure compressor 30. In addition, exhaust flow control 
valves 52, 56 are controlled to couple the outlet of pri- 
mary turbine 32 to the inlet of secondary turbine 44. As 
illustrated, intake flow control valve 50 blocks ambient air 
80 while directing higher pressure intake air from the 
outlet of compressor 42 to the inlet of compressor 30. 
The outlet of compressor 30 is coupled to intake manifold 
20 via aftercooler 48. Exhaust gas exiting cylinder bank 
18 travels through exhaust manifold 24 and is blocked by 
exhaust flow control valve 56 such that it is redirected 
and combined with exhaust from cylinder bank 16 such 
that all exhaust generated by engine 12 passes through 



primary or high-pressure turbine 32 of turbocharger 28. 
Exhaust flow control valve 52 redirects exhaust from the 
outlet of turbine 32 to the inlet of turbine 44 of tur- 
bocharger 40. EGR valve 72 is selectively controlled to 
provide a portion of exhaust gas via EGR cooler 70 to the 
inlet of compressor 30 of turbocharger 28 (or outlet of 
compressor 42 of turbocharger 40). As such, in the series 
configuration illustrated, compressor 30 of turbocharger 
28 effectively functions as an EGR pump with appropriate 
control of the flow control valves to provide low-pressure 
EGR. This increases the airflow through compressor 30 by 
combining EGR with intake airflow to improve operating 
efficiency and surge margin. In addition, routing all ex- 
haust through turbine 32 prior to diverting any exhaust 
flow for EGR increases the wheel speed and also con- 
tributes to improved operating efficiency and higher boost 
at low speed and load. As such, operation of turbocharg- 
ers 28, 40 in the series configuration illustrated in figure 
2 provides various advantages typically associated with 
conventional two-stage sequential series turbocharger 
systems having low-pressure EGR. However, the ability to 
reconfigure the EGR to provide high-pressure EGR in 
combination with the ability to reconfigure the intake 



and/or exhaust flow to subsequently operate turbocharg- 
ers 28, 40 in a parallel configuration (to accommodate 
higher airflow at higher engine speeds) according to the 
present invention avoids some of the disadvantages of a 
conventional series configuration with either low-pressure 
or high-pressure EGR. 
[0030] p r j or ar t turbocharger systems that utilize a series config- 
uration typically have a smaller high pressure stage to im- 
prove transient response. At high engine speeds, the high 
pressure stage is bypassed to avoid choking of the com- 
pressor at higher airflows, reducing overall system effi- 
ciency. During transients and at low engine speeds and 
loads, the low-pressure stage turbocharger (typically the 
larger) does not contribute significantly to boost due to its 
larger inertia and poor aerodynamic efficiency in this op- 
erating region. In contrast, the present invention allows 
use of relatively smaller turbochargers with associated 
lower rotational and thermal inertia to contribute more to 
boost buildup at low engine speeds, improve transient re- 
sponse, and reduce warm-up time for emission control or 
after treatment devices. The ability to reduce the time re- 
quired for boost buildup during transients may also re- 
duce smoke and particulate emissions. In addition, the re- 



duced thermal inertia or heat capacity in combination with 
selective routing of exhaust flow through a designated af- 
ter treatment device may reduce the time required for the 
after treatment device to reach a desired operating tem- 
perature. 

[0031] Selective use of low-pressure ECR during series operation 
of the turbochargers according to the present invention 
provides a number of advantages. In general, low- 
pressure EGR improves turbocharger efficiency by in- 
creasing airflow through the compressor at low speeds so 
the turbocharger operates in a more efficient aerodynamic 
range resulting in improved engine idle stability and vehi- 
cle launch capability. In addition, the use of low-pressure 
EGR does not require the turbine to be sized such that the 
turbine inlet pressure is higher than intake manifold pres- 
sure to maintain a required EGR flow. As such, pumping 
loss is reduced (because only the recirculated portion of 
the exhaust is pumped back into the intake via the com- 
pressor rather than elevating the entire exhaust pressure 
to drive EGR) and may result in improved fuel economy. 

[0032] Figure 3 is a block diagram illustrating intake and exhaust 
flow for twin turbochargers operating in a parallel config- 
uration in a system or method for controlling a tur- 



bocharged internal combustion engine according to vari- 
ous embodiments of the present invention. Based on cur- 
rent operating conditions, which may include demanded 
or requested airflow, for example, system 10 transitions 
from the series configuration illustrated in Figure 2 to the 
parallel configuration illustrated in Figure 3 via appropri- 
ate actuation of the plurality of flow control devices by 
controller 90 (Fig. 1). For example, in a representative ap- 
plication, system 10 transitions from series to parallel op- 
eration of turbochargers 28, 40 when mass airflow ex- 
ceeds a corresponding threshold, such as half of total 
mass airflow. The particular operating conditions includ- 
ing one or more parameter or threshold values used to 
trigger a transition between series and parallel operation 
of the turbochargers may vary depending upon various 
application and implementation specific parameters in- 
cluding the flow capacity of the high-pressure tur- 
bocharger and the boost from the low-pressure compres- 
sor, for example. 
[0033] when transitioning from series to parallel operation of 

turbochargers 28, 40, in this embodiment, intake airflow 
control valve 50 switches to provide intake air from ambi- 
ent 80 rather than the outlet of compressor 42; intake 



flow control valve 54 switches to couple the outlet of 
compressor 42 to intake manifold 20 via after cooler 48; 
exhaust flow control valve 50 to switches to couple the 
outlet of turbine 32 to ambient 80 (via after treatment de- 
vice 76) rather than the inlet of turbine 44; and exhaust 
flow control valve 56 switches to couple exhaust manifold 
24 to the inlet of turbine 44. 
[0034] Transitioning from series to parallel operation of tur- 

bochargers 28, 40 may result in a momentary but signifi- 
cant decrease in wheel speeds and airflow for both tur- 
bochargers in implementations of the present invention 
using conventional turbochargers. This occurs when the 
inlet to compressor 30 is switched from the outlet of 
compressor 40 to the lower pressure ambient 80 and a 
portion of the exhaust directed through turbine 32 in the 
series configuration is redirected to turbine 44 in the par- 
allel configuration resulting in a decrease of the exhaust 
energy. In addition, air from the outlet of compressor 42 
exerts high-pressure on valve 54 which may choke the 
compressor. These effects may be reduced or eliminated 
according to the present invention by using at least one 
variable geometry turbocharger. Use of a VGT for the sec- 
ondary/low-pressure turbocharger 40 allows for a selec- 



tive reduction in turbine vane angle or nozzle orifice size 
during the series to parallel transition to limit the effect of 
the redirected exhaust flow while increasing the sec- 
ondary output pressure more quickly to achieve a faster 
and smoother transition. This may be accomplished by 
controlling turbocharger 40 to maintain a minimum rack 
position for a period of time during the transition before 
opening it to match the required airflow. Similarly, appro- 
priate control of a VGT for the primary/high-pressure tur- 
bocharger 28 may improve the initial boost buildup to im- 
prove the transient response and maintain the requested 
EGR ratio during the transition. 
[0035] After completing the transition from series mode as illus- 
trated in Figure 2 to parallel mode as illustrated in Figure 
3, intake air from ambient 80 passes through compres- 
sors 30, 42 of turbochargers 28, 40, respectively, and is 
delivered to intake manifold 20 via aftercooler 48. The 
exhaust from cylinder bank 16 passes through exhaust 
manifold 22 and through turbine 32 of turbocharger 28 
while exhaust from cylinder bank 18 passes through ex- 
haust manifold 24 and through turbine 44 of turbocharger 
40. Exhaust gas recirculation (EGR) is provided upstream 
of the inlet to turbine 44 in this particular example. EGR 



passes through EGR cooler 70, with the rate controlled by 
proportional EGR valve 72, and is delivered as high- 
pressure EGR to the outlet of compressor 42. Stated dif- 
ferently, high-pressure EGR is provided directly to intake 
manifold 20 (via aftercooler 48). Of course, depending 
upon the particular implementation, EGR may be sourced 
from either of the exhaust manifolds 22, 24 or the con- 
necting portion 26. Exhaust gas passing through turbine 
32 then passes to ambient 80 via after treatment device 
76 while exhaust passing through turbine 44 passes 
through after treatment device 78 before reaching ambi- 
ent 80. 

[0036] Based on current engine and/or ambient operating pa- 
rameters/conditions, system 10 then transitions from the 
parallel configuration illustrated in Figure 3 to the series 
configuration illustrated in Figure 2 in a similar fashion by 
operation of intake flow control valves 50, 54 and exhaust 
flow control valves 52, 56. 

[0037] Figure 4 is a block diagram illustrating operation of a sys- 
tem or method for turbocharging an internal combustion 
engine having twin turbochargers with compressors 
switchable between series and parallel configurations, and 
turbines arranged in a fixed parallel configuration accord- 



ing to the present invention. The primed reference nu- 
merals of Figure 4 correspond to elements having a simi- 
lar structure and function to those previously described 
and illustrated with reference to unprimed elements in 
Figures 1 3. In the embodiment of Figure 4, intake flow 
control device 120 is a two-way (On/off) valve and intake 
flow control device 122 is a three-way switching valve. In- 
take flow control devices 120, 122 communicate with a 
corresponding controller (not specifically illustrated) to 
transition system 10' between a series configuration and 
parallel configuration. However, in this embodiment, ex- 
haust gas from cylinder banks 14', 18' passes through 
turbines 32' and 44', respectively, in both configurations 
as described in greater detail below. 
[0038] The embodiment of Figure 4 includes a "floating EGR" fea- 
ture with exhaust gas sourced from connecting portion 
26' of the exhaust manifold and delivered through EGR 
cooler 70' and EGR valve 124 as low-pressure EGR to the 
inlet of compressor 30' in the series configuration or as 
high-pressure EGR delivered to the outlet of compressor 
42' in the parallel configuration. Alternatively, the embod- 
iment of Figure 4 may include a high-pressure EGR loop 
126 rather than the "floating EGR" feature such that EGR is 



delivered downstream of the compressors in either con- 
figuration. 

[0039] | n operation, system 10' determines an appropriate tur- 
bocharger operating configuration based on current en- 
gine and/or ambient operating conditions. In the series 
configuration, valve 120 is closed so that intake air passes 
from ambient through compressor 42' and valve 122 to 
the inlet of compressor 30'. Valve 122 also blocks inlet air 
from ambient. The compressed air passes from the outlet 
of compressor 30' to intake manifold 20' via aftercooler 
48'. Exhaust gas from cylinder banks 22', 24' is routed 
through corresponding turbines 32', 44' and after treat- 
ment devices 76', 78', respectively. Exhaust gas recircula- 
tion rate is controlled by proportional ECR valve 124 with 
exhaust gas supplied from connecting portion 26' of the 
exhaust manifold through EGR cooler 70' to the inlet of 
compressor 30'. 

[0040] System 10' transitions from a series configuration to a 
parallel configuration based on engine and/or ambient 
operating conditions/parameters by appropriate actuation 
of intake flow control devices 120, 122. More particularly, 
valve 120 is opened to couple the outlet of compressor 
42' to intake manifold 20' (via aftercooler 48'), while valve 



122 is switched to connect the inlet of compressor 30' to 
ambient and block compressed air from the outlet of 
compressor 42'. Compressed air from the outlet of com- 
pressor 30' is combined with air from the outlet of com- 
pressor 40' and delivered to intake manifold 20'. Exhaust 
gas from cylinder banks 22', 24' passes through turbines 
32', 44\ which remain in a parallel configuration, and af- 
ter treatment devices 76\ 78', respectively. Exhaust gas 
recirculation is supplied as high-pressure EGRfrom con- 
necting portion 26' of the exhaust manifold to the intake 
manifold 20' via aftercooler 48'. Stated differently, high- 
pressure EGR is supplied to the outlet of compressor 42". 
System 10' transitions from the parallel configuration to 
the series configuration in a similar manner based on en- 
gine and/or ambient operating conditions/parameters. 
For systems incorporating a high-pressure EGR loop 126, 
exhaust gas recirculation is delivered downstream of valve 
120, i.e. directly to intake manifold 20', in both the series 
and parallel configurations. 
[0041] As those of ordinary skill in the art will appreciate, a con- 
figuration similar to that illustrated in Figure 4 has the 
advantages of a selectable series/parallel configuration 
while avoiding any difficulties or disadvantages relative to 



system complexity or durability associated with redirect- 
ing the hot exhaust gases passing through the turbines. 
[0042] Figure 5 is a compressor map illustrating representative 
full load operating lines from idle to rated speed for high 
and low pressure compressors in a system or method for 
turbocharging an internal combustion engine according to 
the present invention. The compressor map of Figure 5 
plots pressure ratio as a function of corrected airflow for 
twin turbochargers switchable between series and parallel 
configurations according to the present invention. As 
shown in the compressor map of figure 5, the present in- 
vention provides for operation of both turbochargers 
across the entire operating range of the engine from idle 
to rated speed. In addition, the present invention facili- 
tates operation of both turbochargers in an aerodynami- 
cally efficient region away from surge line 142 and choke 
line 144. Line 146 represents operation of the high- 
pressure compressor, i.e. the downstream compressor 
when arranged in the series configuration. Line 150 rep- 
resents operation of the low-pressure compressor, i.e. the 
upstream compressor when arranged in the series config- 
uration and whose inlet is connected to ambient in both 
configurations. As shown in Figure 5, the compressors 



operate along similar lines for lower corrected airflows in 
the series configuration and begin to diverge before the 
system transitions from series to parallel operation as in- 
dicated generally at 150. As the outlet pressure from low 
pressure compressor 42 increases, the high-pressure 
compressor operating line 146 diverges from low- 
pressure compressor operating line 150. Operating lines 
146, 150 converge again when the transition has been 
completed as represented generally at 152 and follow a 
similar operating line for higher corrected airflows. As il- 
lustrated in Figure 5, in contrast to a conventional series 
sequential turbocharger system, both turbochargers in a 
system or method according to the present invention are 
utilized across the entire operating range from idle to full 
rated engine speed, i.e. neither of them are bypassed or 
idled and are therefore fully utilized. In addition, both tur- 
bochargers work in a narrower operation range because 
each turbocharger handles approximately half of the 
charge airflow so that both can be sized to work primarily 
in an aerodynamically efficient operating region. 
[0043] Figures 6 and 7 are graphs illustrating performance im- 
provements of a turbocharged compression ignition inter- 
nal combustion engine according to one embodiment of 



the present invention. The plots of Figures 6 and 7 com- 
pare performance of a representative embodiment of the 
present invention to a conventional regulated two-stage 
turbocharger system. 
[0044] Figure 6 is a graph illustrating load step response at 750 
rpm. The graph of Figure 6 illustrates the improvement in 
torque, opacity (smoke), and boost pressure as a function 
of time for a series/parallel twin turbocharger configura- 
tion according to the present invention relative to a con- 
ventional regulated two-stage turbocharger configuration. 
Line 160 corresponds to engine brake torque generated 
by an engine turbocharged according to the present in- 
vention compared to line 162 that corresponds to engine 
brake torque generated by a similar engine using a con- 
ventional regulated two-stage turbocharger system. As il- 
lustrated, the present invention provides a faster torque 
response than a conventional system. Line 170 illustrates 
the reduction in opacity (smoke) for a turbocharger sys- 
tem according to the present invention relative to the 
opacity of a similar system using a conventional tur- 
bocharger system as represented by line 172. The im- 
proved torque response and reduction in opacity likely re- 
sult from the increased boost pressure provided by the 



present invention as represented by line 180 as compared 
to the boost pressure provided by a conventional tur- 
bocharger system as represented by line 182. 

[0045] Figure 7 illustrates similar improvements in torque, opac- 
ity, and boost pressure for a load step response at 1000 
rpm with the primed reference numerals of Figure 7 cor- 
responding to the parameters associated with unprimed 
numerals described above with reference to Figure 6. 

[0046] Figure 8 is a flow chart illustrating operation of a system 
or method for turbocharging an internal combustion en- 
gine according to the present invention. As those of ordi- 
nary skill in the art will appreciate, the diagram of Figure 
8 generally represents control logic that may be imple- 
mented by any one or more of a number of known pro- 
cessing strategies such as event-driven, interrupt-driven, 
multi-tasking, multi-threading, and the like. As such, var- 
ious steps or functions illustrated may be performed in 
the sequence illustrated, in parallel, or in some cases 
omitted. Likewise, the order of processing is not neces- 
sarily required to achieve the objects, features, and ad- 
vantages of the invention, but is provided for ease of il- 
lustration and description. Although not explicitly illus- 
trated, one of ordinary skill in the art will recognize that 



one or more of the illustrated steps or functions may be 
repeatedly performed depending upon the particular pro- 
cessing strategy or implementation. 

[0047] Preferably, the control logic is implemented primarily in 
software executed by a microprocessor-based engine 
and/or vehicle controller. Of course, the control logic may 
be implemented in software, hardware, or a combination 
of software and hardware depending upon the particular 
application. When implemented in software, the control 
logic is preferably provided in a computer-readable stor- 
age medium having stored data representing instructions 
executed by a computer to control the engine. The com- 
puter-readable storage medium or media may be any of a 
number of known physical devices which utilize electric, 
magnetic, and/or optical devices to temporarily or persis- 
tently store executable instructions and associated cali- 
bration information, operating variables, and the like. 

[0048] The system and method of the present invention include 
operating twin turbochargers in a series configuration for 
a first operating region as represented by block 200. The 
first (and second) operating region may be based on one 
or more engine and/or ambient operating parameters or 
conditions. In one embodiment, the first operating region 



extends to approximately half of total mass airflow. The 
system and method also include operating the tur- 
bochargers in a parallel configuration for a second oper- 
ating region as represented by block 210. In one embodi- 
ment, the second operating region corresponds to beyond 
approximately half of total mass airflow. The system and 
method may also include selection of high-pressure or 
low-pressure exhaust gas recirculation (EGR) based on the 
operating region or conditions as represented by block 
220. Depending upon the particular implementation, se- 
lection of high or low-pressure EGR may result from actu- 
ation of the same airflow control devices used to operate 
the turbochargers in a parallel or series configuration, re- 
spectively. Alternatively, selection of high-pressure or 
low-pressure EGR may be controlled independently of the 
configuration of the turbochargers using one or more ad- 
ditional flow control devices. Likewise, depending upon 
the particular implementation, EGR may be supplied or 
sourced upstream of the turbines for high-pressure EGR 
and downstream of at least one turbine for low-pressure 
EGR. In general, high-pressure EGR is delivered down- 
stream of any compressor while low-pressure EGR is de- 
livered upstream of at least one compressor so that the 



compressor acts as an EGR pump. As described above, the 
additional airflow provided by supplying low-pressure EGR 
to the compressor inlet may improve the surge margin of 
the compressor. Similarly, supplying high-pressure EGR to 
the compressor outlet (or intake manifold) helps to avoid 
operation near the choke line. 

[0049] As also shown in Figure 8, operation of the turbochargers 
in series may include actuation of a plurality of flow con- 
trol devices to arrange at least the compressors in series 
as represented by block 230. The compressors may be ar- 
ranged in series by coupling the outlet of one of the com- 
pressors to the inlet of the other compressor, for exam- 
ple, as represented by block 232. In general, the outlet of 
the low-pressure compressor coupled to the inlet of the 
high-pressure compressor with the inlet of the high- 
pressure compressor being blocked from atmosphere or 
ambient. The system and method may also include the 
optional step of actuating one or more flow control de- 
vices to arrange at least one of the turbines in series as 
represented by block 234. This may be effected by cou- 
pling the outlet of one turbine to the inlet of the other 
turbine as represented by block 236, for example. 

[0050] Operating the turbochargers in parallel as represented by 



block 210 may include actuating a plurality of flow control 
devices to arrange at least the compressors of the tur- 
bochargers in parallel as represented by block 250. The 
compressors may be arranged in parallel by coupling the 
outlets of the compressors to the intake manifold, as rep- 
resented by block 252, rather than coupling one com- 
pressor to another as described above with respect to the 
series configuration. Stated differently, when the com- 
pressors are arranged in parallel, each compressor inlet is 
coupled to ambient with each compressor outlet coupled 
directly or indirectly to the intake manifold. Depending 
upon the particular implementation, the system and 
method may also include actuation of various flow control 
devices to arrange the turbines of the compressors in par- 
allel as represented by block 254. This may include cou- 
pling the outlets of the turbines to ambient or atmosphere 
as represented by block 256, rather than coupling the tur- 
bines to each other as described above with reference to 
the series configuration. Stated differently, when con- 
nected in parallel, each turbine inlet is coupled to the ex- 
haust manifold and each turbine outlet is coupled directly 
or indirectly to atmosphere. 
[0051] Those of ordinary skill in the art will recognize that the 



selectable turbocharger configuration according to the 
present invention provides a two stage series configura- 
tion that generates more boost for improved vehicle 
launch compared to a sequential parallel configuration 
that only uses one stage at low engine speeds, while pro- 
viding a parallel configuration to provide sufficient air 
handling capacity at higher engine speeds using smaller 
turbochargers with lower inertia to improve turbocharger 
transient response across the entire operating range. Fur- 
thermore, the sequential operation of twin turbochargers 
in a series configuration followed by a parallel configura- 
tion according to the present invention provides improved 
performance in terms of airflow, turbo wheel speed, and 
air pressure build up during transients relative to previous 
approaches. In addition, the switchable or floating ex- 
haust gas recirculation feature according to the present 
invention may selectively provide more exhaust gas to 
power the first turbine with termination upstream of the 
compressor to improve surge margin at lower speeds 
while sourcing EGR upstream of the first turbine with ter- 
mination downstream of the compressor at higher speeds 
to avoid choking at full load. 
[0052] Operation of the twin turbochargers in a series configura- 



tion according to the present invention may also reduce 
the time required for emission control or exhaust after 
treatment devices to reach desired operating tempera- 
tures by directing all exhaust through one or more desig- 
nated devices. Optional exhaust switching according to 
the present invention may be used to control exhaust flow 
and temperatures of primary and secondary after treat- 
ment devices to conduct sequential after treatment regen- 
eration and extend the life of the after treatment system. 
[0053] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



